This work presents a flexible organic solar cell with a structure for ITO/PEDOT:PSS/P3HT:PCBM + ruthenium complex sensitizer and Au nanoparticles on a flexible substrate. The process and thickness of the PEDOT:PSS hole transport layer and P3HT:PCBM active layer were optimized. A ruthenium complex sensitizer and Au nanoparticles were then introduced into the P3HT:PCBM active layer to improve the performance of solar cells. For the ITO/PEDOT:PSS/P3HT:PCBM + ruthenium complex sensitizer and Au nanoparticles structure on a flexible polyimide (PI) substrate under 0.1 and 1 sun conditions, the measured short-circuit current density (J sc ), open-circuit voltage (V oc ), fill factor (FF), and efficiency (η) are 3.89 and 9.67 mA/cm 2 , 0.45 and 0.45 V, 0.266 and 0.232, and 4.65 and 1.01%, respectively.
Introduction
Flexible organic solar cells (FOSCs) have received considerable attention recently owing to their ability to be fabricated at low temperatures, economic cost, large area production, high flexibility, roll-to-roll manufacturing, and easy fabrication, such as by spin coating, [1] [2] [3] [4] [5] printing, [6] [7] [8] [9] slot-die coating, [9] [10] [11] [12] or evaporation [13, 14] . The organic active layer in FOSCs typically consists of a p-conjugated polymer donor and acceptor. The power conversion efficiency of (PCE) of FOSCs has been improved to 2.5%∼3.7% using a bulk heterojunction (BHJ) structure comprising a blended film of poly(3-hexylthiophene) (P3HT) as the donor and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) as the acceptor. Their PCE is significantly lower much than that of organic-based PTB7/PC 71 BM structure solar cells on a glass substrate, that is, 7.4% [1, 11, [15] [16] [17] [18] . However, polyimide (PI) substrates have become conventionally used in flexible electronic devices owing to their high transition temperatures, low surface roughness, low coefficients of thermal expansion, and high chemical resistance under typical fabrication conditions [1, 19, 20] .
Owing to the inherent symmetry of the BHJ active layer, the nature of the electrodes largely determines the anode and cathode of the device [21] . Therefore, this work attempts to improve the PCE of solar cells by introducing a cis-bis(thiocyanato) bis(2,2 -bipyridyl-4,4 -dicarboxylate) ruthenium bis(tetrabutylammonium) (N719) sensitizer (Everlight Chemical Industrial Co., Taiwan) and Au nanoparticles (GNPs) (100 ppm, particle size: 2-5 nm, SD Technology Co., Taiwan) into the active layer of the FOSCs. The N719 and GNPs can achieve electron/hole collection efficiently. The characteristics of the ITO/PEDOT:PSS/ P3HT:PCBM+N719+GNPs structure are also studied.
Experiment Details
Figure 1(a) shows the structure of flexible solar cells using P3HT as the electron donor and PCBM as the electron acceptor fabricated on semitransparent ITO-coated polyethylene terephthalate (PET) substrate (sheet resistance = 15 Ω/ and thickness = 178 μm) (CPFilms Inc., Taiwan) and PI substrate (sheet resistance = 15 Ω/ and thickness = 130 μm) (CPFilms Inc., Taiwan), respectively. The transmittance of both PET and PI substrates with ITO layer was about 95% at 550 nm, as shown in Figure 1 (b). Therefore, PET and PI substrates are suitable for FOSCs. PEDOT:PSS hole transport layer was spun on the substrate with ITO layer and annealed at various temperatures for 10 min in a vacuum. An attempt was made to achieve the required viscosity in the range of 2 to 30 cps and reduce the tension of the PEDOT:PSS layer by adding a surfactant Triton X-100 to the PEDOT:PSS solution [22] . Next, the PEDOT:PSS solution was filtered through 0.45 μm PP syringe filters before spin coating on the substrate. Additionally, P3HT and PCBM were blended with 1,2-dichlorobenzene(DCB) (1 : 0.8 at wt%) as an active layer. The solution was then filtered through 0.45 μm PP syringe filters before spin coating. P3HT:PCBM blended solution was spin coated on a dried PEDOT:PSS thin film and annealed at 140
• C for 10 min in a vacuum. Finally, Al layer was deposited under a base pressure of 1×10 −6 Torr. Al cathode was deposited through a shadow mask to a thickness of 70 nm, given an active area of 2 mm × 5 mm. Therefore, the cell has an active area of 2 mm × 5 mm. Distance from the crucible to the substrate was fixed at 20 cm, and a substrate holder was rotated continuously to ensure uniform films. Next, film thickness and deposition rate, which was adjusted by SEM, were monitored using quartz crystal microbalance (QCM). The current density-voltage (J-V ) characteristics were then measured using a Keithley 2420 programmable sourcemeter under irradiation by a solar simulator with a 250 W xenon lamp. Finally, the irradiation power density in the surface of the sample was calibrated as 100 and 1000 W/m 2 incident power densities.
Results and Discussion
This work attempted first to optimize the hole transport layer PEDOT:PSS based on the structure of Figure 1 (a) by using a 100 nm-thick P3HT:PCBM active layer annealed at 140
• C. Figure 2(a) , increasing the thickness of the PEDOT:PSS layer decreased both the transparency and sheet resistance, subsequently affecting the photocurrent and fill factor of the solar cells. However, decreasing the transparency of the PEDOT:PSS layer reduced the available photons to be absorbed by the active layer ultimately leading to a lower photocurrent density. However, this lowering of the photocurrent was offset by an increase in the fill factor due to the low sheet resistance [23] . The photocurrent of cells increased with an increasing annealing temperature, as shown in Figure 2(b) . The photocurrent density increases from 0.516 mA/cm 2 (100
• C annealing) to 1.24 mA/cm 2 (110 • C annealing) and then decreases to 1.08 mA/cm 2 (120 • C annealing), which subsequently increases to 0.97 mA/cm 2 (140
• C annealing), as shown in Figure 2 (b). The photocurrent of cells increased with an increasing annealing temperature as the annealing temperature increases from 100 to 110
• C. This indicates a variation in the conduction mechanism from the nearest neighbor hopping at the beginning of the heat treatment to the charging-energy limited tunneling between the conductive grains due to the shrinking of the PEDOT conductive grains [24] . The photocurrent of cells decreased with an increasing annealing temperature as the annealing temperature increases from 110 to 130
• C. This may attributed to the oxidation or degradation of the PEDOT. Then, the photocurrent of cells increased with an increasing annealing temperature as the annealing temperature increases from 130 to 140
• C owing to the PSS segregation effects [25] . The optimum thickness and annealing temperature of the PEDOT:PSS layer is 240 nm and 110
• C, respectively. Table 1 lists the characteristic parameters of solar cells on various substrates. The parameters of a solar cell with P3HT:PCBM active layer on the PI substrate exhibited J sc = 3.18 mA/cm 2 , V oc = 0.4 V, FF = 0.257, and a PCE of 3.27%, respectively. According to this table, the photocurrent of cells increases since the number of photogenerated electron-hole pairs increases with an increasing thickness of the active layer. However, the photocurrent decreases as the thickness of the active layer is higher than 200 nm. The thickness of the active layer increases, subsequently degrading the J-V characteristics and the fill factor. The solar cell can be modeled as an equivalent circuit consisting of a current generator of J sc and two resistances, series resistance (R s ) and shunt resistance (R sh ). If the R sh is sufficiently large to be neglected, the effect of the 4 Advances in Materials Science and Engineering R s on the I-V characteristics can be taken into account as shown below [26, 27] :
where I ph is the photocurrent, I s is the saturation current, and n, k, and T are the ideality factor, Boltzmann constant, and temperature, respectively. Simple mathematical manipulation of (1) obtains [27] 
As shown in Figure 3 (b), the cell with 100 nm-thick active layer have a smaller series resistance (∼140 Ω), and the cell with 500 nm-thick active layer have a larger series resistance (∼528 Ω). A thicker P3HT:PCBM active layer implies a higher series resistance and poorer transparency, subsequently increasing of R s and lowering of photocurrent, and degrading its performance [23, 28] . Therefore, the effective absorption of P3HT:PCBM active layer can be optimized by varying the active layer thickness.
Previous studies have applied a traditional ruthenium complex sensitizer cis-bis(thiocyanato) bis(2,2 -bipyridyl-4,4 -dicarboxylate) ruthenium bis(tetrabutylammonium) (N719) in dye-sensitized solar cells to extend the optical threshold wavelength since the N719 sensitizer should absorb photons from the visible to near-infrared (NIR) region of the solar spectrum while maintaining sufficient thermodynamic driving force for the electron injection and dye regeneration process [29] [30] [31] [32] . This work also attempted to increase the efficiency of flexible solar cells by introducing N719 into the P3HT:PCBM active layer. Figure 4 plots the J-V characteristics of the ITO/PEDOT:PSS/P3HT:PCBM+N719/Al (N719 = 0.3 mg) solar cells under illumination. Table 2 lists the characteristic parameters of solar cells with various structures. The parameters of solar cell with P3HT:PCBM+N719 active layer on the PI substrate exhibited J sc = 3.89 mA/cm 2 , V oc = 0.4 V, FF = 0.258, and a PCE of 3.68%, respectively. Notably, the PCE was improved by approximately 12.5% over that of the control sample. This improvement in PCE can be attributed to that the absorption of P3HT:PCBM active with N719 sensitizer have better than that of P3HT:PCBM active layer in visible, especially in the wavelength of 500-600 nm, as shown in Figure 1(c) . condition, respectively. The PCE was improved by approximately 42.2% over that of the control sample (without N719 and GNPs). Introducing N719 and GNPs may account for this improvement. When photo-generated electrons are injected into GNPs and the Fermi level (E F ) is raised as close to the lowest unoccupied molecular orbital (LUMO) of P3HT as possible, a quick shuttling of electrons occurs from Au to P3HT. Therefore, GNPs promote the generation of charge carriers and increase both the photocurrent and the efficiency of conversion of solar energy in solar cells [33, 34] . Meanwhile, the incorporation of N719 can assist transportation of the photo-generated electrons and holes. The energy level diagram and mechanism of photocurrent generation in the solar cells with P3HT:PCBM+N719+GNPs active layer is summarized in Figure 6 . Finally, the efficiency improvement of solar cells with various active layers under condition of 0.1 sun are listed in Table 4 for easy reading and understanding. 0.45 V, 0.266 and 0.232, and 4.65 and 1.01%, respectively. Comprising the reported articles, the improved PCE of P3HT:PCBM-based FOSCs may be attributed to introduction of a ruthenium complex sensitizer and Au nanoparticles into the P3HT:PCBM active layer, subsequently increasing the photogenerated carrier injection.
Conclusions

